Anaerobic purification is a cost-effective way to treat high strength industrial wastewater.
Zehnder ). Acetogenic bacteria oxidize these fatty acids anaerobically to acetate, CO 2 , H 2 and formate (Gujer & Zehnder ; Stams & Plugge ) . Generally, about 70% of the methane is formed from acetate, while the remainder is formed from H 2 /CO 2 and formate (Gujer & Zehnder ; Conrad ) . However, acetate can also be degraded by syntrophic communities of bacteria and archaea, resulting in a more prominent role of H 2 /CO 2 and formate as methanogenic substrates (Hattori ) . In mesophilic digesters, high ammonia levels can cause syntrophic acetate oxidation (Westerholm et al. ) . The ammonia tolerance of these syntrophic acetate oxidizers gives them a competitive advantage in ammonia-stressed systems. These bacteria, in association with ammonia-tolerant hydrogenotrophic methanogens, may consequently adopt the role of dominant acetate consumers in environments in which ammonia restrains aceticlastic methanogenic activity (Westerholm et al. ) .
Propionate and butyrate are key intermediates in the mineralization of complex organic matter. The complete oxidation of propionate and butyrate can account for 20-43% of the total methane formation, depending on the type of digester and the nature of the organic compounds (Mackie & Bryant ) .
SYNTROPHIC FATTY ACID DEGRADATION
Easily degradable compounds (soluble polysaccharides, proteins, sugars and amino acids) in industrial wastewater are rapidly degraded by primary fermenters during storage and the passage to the anaerobic bioreactor. Therefore, the main substrates that enter the anaerobic bioreactor are mixtures of fatty acids, mainly acetate, propionate and butyrate. Propionate and butyrate are important intermediates in methanogenesis. They are formed in the anaerobic fermentation of polysaccharides and proteins (Stams ; Schink & Stams ) . Typically these fatty acids are further degraded by syntrophic associations of anaerobic bacteria and methanogenic archaea, which are dependent on each other for energy conservation and growth (McInerney et al. ; Sousa et al. ; Stams & Plugge ) . For complete and high-rate methanogenesis such syntrophic communities are indispensable.
Bacteria that degrade and grow on fatty acids have to cope with the unfavourable energetics of the conversion processes. Table 1 illustrates the conversion of propionate and butyrate to the methanogenic substrates acetate, hydrogen and formate. It is evident that bacteria can only derive energy for growth from these conversions when the concentration of the products (especially hydrogen and formate) is kept low. This results in an obligate dependence of acetogenic bacteria on methanogenic archaea. Obligately syntrophic communities of propionate-and butyrate-degrading acetogenic bacteria and methanogenic archaea have several unique features: they degrade fatty acids coupled to growth, while neither the bacterium nor the methanogen alone is able to degrade these compounds; intermicrobial distances influence biodegradation rates and specific growth rates, which in methanogenic bioreactors results in the formation of aggregates of bacteria and archaea (granular sludge); the syntrophic communities grow in conditions that are close to thermodynamical equilibrium, and the communities have evolved biochemical mechanisms that allow sharing of chemical energy (Stams & Plugge ) . There is still discussion on whether hydrogen and formate are the primary compounds for interspecies electron transfer, and it is still unclear what their relative importance is (Stams & Plugge ; Müller et al. ; Worm et al. ) .
The reported maximum specific growth rates of propionate-and butyrate-degrading acetogenic bacteria in suspended co-culture with methanogens were 0.10 and 0.19 day À1 , respectively (McInerney et al. ; Boone & Bryant ; Mountfort & Bryant ). It is evident that fatty acid-degrading bacteria grow slowly, but it is not clear fully how fast they can grow in tight physical aggregation with methanogens. In fact, specific growth rates of syntrophic communities are difficult to determine as the conversion rate per cell is not constant, but is dependent on cell density of the partner microorganism. (Imachi et al. ) , which seem to be true propionatedegrading syntrophs. P. thermopropionicum and Desulfotomaculum thermobenzoicum (subsp. thermopropionicum) are moderately thermophilic and grow in syntrophy with thermophilic methanogens (Imachi et al. ; Plugge et al. ) . A marine propionate-degrading syntrophic community has been described, but the identity of the propionate-degrading bacterium is not known (Kendall et al. ) . In sulfate-rich environments sulfate reduction is the main terminal process and several sulfate reducers that degrade propionate have been described. Therefore, in marine habitats syntrophic growth on propionate seems to be restricted to sulfate-depleted zones.
Two pathways for propionate metabolism are known, the methylmalonyl-CoA pathway and a dismutation pathway. In the latter pathway two propionate molecules are converted to acetate and butyrate, the butyrate being degraded to acetate and hydrogen as described below. Thus far, this pathway is only found in Smithella propionica (Liu et al. ; de Bok et al. ) . The methylmalonyl-CoA pathway is found in the other syntrophic propionate-oxidizing bacteria (McInerney et al. ). In the methylmalonyl-CoA pathway, propionate is first activated to propionyl-CoA and then carboxylated to methylmalonyl-CoA. Methylmalonyl-CoA is rearranged to form succinyl-CoA, which is converted to succinate. Succinate is oxidized to fumarate, which is then hydrated to malate and oxidized to oxaloacetate. Pyruvate is formed by decarboxylation, and is further oxidized in a HS-CoA-dependent decarboxylation to acetyl-CoA and finally to acetate.
Syntrophic butyrate-and LCFA-degrading bacteria
McInerney et al. () enriched and characterized Syntrophomonas wolfei, a Gram-positive bacterium that degrades butyrate and some other short-chain fatty acids in syntrophic association with methanogens (Table 2) . Several other bacteria have been described that grow with butyrate or higher fatty acids in syntrophy with methanogens or sulfate reducers as hydrogen scavengers (McInerney et . In a series of reactions acetyl groups are cleaved off yielding acetate, hydrogen and formate. To metabolize fatty acids, first activation to a HS-CoA derivative takes place. The HS-CoA-derivative is then dehydrogenated to form an enoyl-CoA. After water addition, a second dehydrogenation takes place to form a ketoacylacetyl-CoA. After hydrolysis acetyl-CoA and an acyl-CoA are formed, which enters another cycle of dehydrogenation and the cleaving off of acetyl-CoA.
EFFECT OF GRANULATION
The formation of granular sludge is one of the reasons for the success of anaerobic treatment of wastewaters (Kosaric & Blaszczyk ; Lettinga ). In particular, aggregation of syntrophic communities is essential to achieve high rates of methanogenesis with propionate and butyrate. Figure 1 illustrates the dense packing of microorganisms and microcolonies in the granule structure. As pointed out by 
Mesophilic full-scale anaerobic digester (two reactors)
Syntrophobacter fumaroxidans 0.27 ± 0.14% /0.37 ± 0.12% Syntrophobacter pfennigii 0.33 ± 0.08% /0.48 ± 0.08% Syntrophobacter wolinii 0.44 ± 0.12% /0.43 ± 0.11% Smithella propionica <0.2% /0.28 ± 0.29% Syntrophomonadaceae 0.42 ± 0.16% /1.76 ± 0.25%
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(continued) Schink & Thauer () by bringing hydrogen-producing bacteria into close proximity with hydrogen-consuming methanogens the distance that hydrogen has to diffuse from the producing to the consuming microorganisms becomes shorter, and this results in higher conversion rates. Thus, the compact microbial structure in methanogenic granular sludge is functional. It has been observed that when the structure is disrupted the specific methanogenic activity with propionate decreases considerably, while the specific methanogenic activity with acetate is not affected (Grotenhuis et al. ; Schmidt & Ahring ) . Another factor that affects the specific activity is the size of the granules. When granules are too large, the centre of the granules will become substrate limited. Moreover, biogas may accumulate in the granules that are weakened in structure inside. This may cause a disintegration of the mature granules into smaller particles that grow again. In this way, the average size of the granules is determined by the wastewater composition.
In the granules competition for space takes place as well. To efficiently degrade fatty acids, the microorganisms in the granule should mainly consist of acetogenic fatty aciddegrading bacteria and acetoclastic and hydrogenotrophic methanogens. Fluorescence in situ hybridization (FISH) has been used to study the structural organization of anaerobic granular sludge (Harmsen et al. ; Sekiguchi et al. ) . In these studies, a close association between Syntrophobacter species and hydrogenotrophic methanogens belonging to the Methanomicrobiales group has been observed. Nevertheless, microbial community analysis with molecular techniques has shown that granular sludge of full-scale reactors rarely harbours high numbers of acetogenic bacteria (Table 3 ). This suggests that fatty acid-degrading communities establish high specific conversion rates, and that even higher conversion rates can be achieved by minimizing the numbers of primary fermenters in the granules.
Still, due to the limitations in quantification of individual groups of bacteria in mixed anaerobic biomass, fluxes can hardly be attributed to concentrations of specific microorganisms. Consequently, conversion rates are expressed per amount of lumped biomass in terms of volatile suspended solids (VSS). Herewith, it remains unclear if energy is shared equally between the partner microorganisms and what the mutual effects of different acetogenic substrates are on their degradation. Detailed quantitative insight is required about the electron fluxes between the partner organisms in anaerobic sludges and the way they share the chemical energy available in the conversion of substrates. Relatively novel molecular biology-based tools allow for quantification of different trophic groups in anaerobic environments and combined with flux measurements will allow for a detailed understanding of anaerobic conversion processes. Based on the improved understanding of electron transfer in anaerobic environments it can readily be envisioned that the anaerobic digestion process can still be improved significantly.
CONCLUSIONS
High-rate methanogenesis is required to treat industrial wastewaters efficiently and conserve the chemical energy in the organic pollutants as biogas. In the complete conversion of organic pollutants to methane and carbon dioxide, syntrophic methanogenic communities of bacteria and archaea play an indispensable role. Both Gram-negative (deltaproteobacteria) and Gram-positive bacteria with the ability to grow with propionate and butyrate in syntrophy with methanogens have been described. Some of the described bacteria have been obtained in pure culture, while others are only maintained in syntrophic co-culture with a defined methanogen. In high-rate methanogenic bioreactors propionate-degrading and butyrate-degrading acetogenic bacteria form microcolonies with methanogens. The short distances between the bacteria and methanogens are favourable for transfer of metabolites from bacteria to archaea and result in high conversion rates. To further improve the rate of methane formation with mixtures of fatty acids as substrates the underlying mechanisms of interspecies electron transfer in syntrophic communities need to be better understood. In addition, insight is needed into how by process engineering the compact structure of syntrophic communities in granules can be obtained and maintained.
